Photoreduction of ferric to ferrous iron was determined in water held in bottles placed in a New Jersey Pinelands stream, although concentrations of ferrous iron in the stream itself remained below detection (15 ng ml-I). The low ambient levels of ferrous iron apparently resulted from the action of iron-oxidizing microorganisms in water and soil, as shown by a temperature optimum for, and by the inhibitory effect of sterilization upon, the disappearance of ferrous iron. Measurements of 14C0, incorporation into soil organic matter indicated that the iron-oxidizing microorganisms were not chemolithoautotrophs, but might have been iron-depositing bacteria or chemolithoheterotrophs.
The consequences of iron oxidation by microorganisms include deposition of iron oxide compounds (Hanert 198 1 a), the production of organic carbon (Ehrlich 198 l) , and the acidification of surface waters (Gorham et al. 1984) . Ferrous iron oxidizes spontaneously in oxic waters, although the rate of oxidation is extremely slow below pH 5 (Crerar et al. 1979; Stumm and Morgan 198 1) . It is in naturally acidic waters, therefore, that microbial catalysis of iron oxidation is most easily demonstrated (Braddock et al. 1984; Brock et al. 1976; Ehrlich 198 1) .
The reduced iron which serves as substrate for microbial iron oxidation may be derived from the weathering of minerals (Garrels and McKenzie 197 1) and may also result from chemical reduction of ferric iron (Wetzel 1983) . Because photoreductive reactions are another potential source of ferrous iron (Waite and Morel 1984) , iron-ox-idizing microorganisms might be expected to colonize iron-rich surface waters. Using lake water in which iron photoreduction was measured, McMahon (1969) sought but did not find an effect of microorganisms on the redox equilibrium of iron. Collienne ( 19 8 3) , while demonstrating iron photoreduction in two acidic manmade lakes, suggested that iron oxidation in these waters was catalyzed by organic compounds. Thus, photoreduction of iron has never been shown to support iron-oxidizing microorganisms. Waters which flow in the Pine Barrens (Pinelands) of New Jersey are acidic (pH 3.4-4.6) and high in iron (Johnson 1979; Morgan 1984) . The delivery of ferrous iron from ground to surface waters leads to the accumulation of iron oxide deposits; Crerar et al. (1979) used kinetic arguments, microscopic observations, and the seasonal occurrence of iron oxide precipitates to conclude that microorganisms are responsible for iron oxidation in the Pinelands. According to Ghiorse (1984) however, physiological data are essential to proving the geochemical activity of microorganisms. Our present study was undertaken to provide physiological evidence which complements the work of Crerar et al. (1979) . Additional objectives included investigating photoreductive cycling of iron and its potential contribution to primary productivity in Pinelands waters.
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Methods

The McDonalds
Branch watershed occupies 6 km2 of Lebanon State Forest in the New Jersey Pinelands. Terrain, vegetation, and water chemistry have been described elsewhere (Johnson 1979) . The average pH of water gathered for our study was 4.3. The study site was restricted to a swamp dominated by Atlantic white cedar (Chamaecyparis thyoides) and Sphagnum spp. The width of the open stream channel is l-3 m and the distance from the stream channel across the swamp to adjacent sandy upland soil (Lakewood sand; Quartzipsamments) is about 20 m.
Water for analysis of ambient levels of iron was taken from the stream surface in 125-ml screwcap glass bottles wrapped in aluminum foil. Water for microbiological assays was taken in 4-liter screwcap glass bottles. All bottles were previously acidwashed and rinsed in deionized water. Samples were kept shaded during transport to the laboratory and stored at field temperature in the dark. Experiments were begun on the day of collection.
In situ measurement of iron photoreduction -Glass bottles ( 125-ml, screwcap), with and without an aluminum foil covering, were filled with stream water at dawn and placed on the bottom of the stream channel (depth, 0.3 m). At dusk and again at the following dawn the water in the bottles was assayed for ferrous iron. The sequence of analyses (from dawn to dusk to dawn) was repeated on three consecutive sunny days and ferrous iron was measured concomitantly in samples of surface water.
Ferrous iron oxidation in water-Our approach to quantifying ferrous iron oxidation was similar to that of Brock et al. (1976) . The concentration of ferrous iron was adjusted to between 100 and 200 ng ml-l by adding a ferrous chloride solution (stabilized with a few drops of concentrated HCl) to stream water (~5 ml liter-'). The sterile solution was prepared by filtering (0.45-pm pore) a portion of the water and aseptically dispensing 120-ml volumes to 250-ml sterile flasks. Companion nonsterile solutions were prepared and both were incubated in the dark, unshaken, at a variety of temperatures. Subsamples (10 ml) were removed periodically (aseptically, for the sterile treatment) and analyzed for ferrous iron.
Iron-oxidizing activity in soil-Soil from the A2 horizon (pH 3.9), at a depth between 23 and 33 cm (2-10 cm above the water table), was gathered from the edge of the cedar swamp with a spade and kept moist at 11°C (field temperature). About 120 g of soil was stirred by hand for 30 s and firmly packed into a loo-ml beaker. A subsample (0.8 ml) of soil was taken from the beaker by slowly inserting and then removing a 1 -ml plastic syringe whose tip had been truncated and beveled. The soil was extruded from the syringe into another truncated l-ml syringe that had been inserted into the open end of a snug-fitting dialysis bag. The soil was next injected into the dialysis bag, which simultaneously was slipped off the end of the second syringe. Twelve drops of stream water were added to the dialysis bag and it was gently massaged (to displace air from soil pores) before being sealed. The dialysis bag consisted of 8.0 cm of dialysis tubing (Spectra/Par 4, 12,000-l 4,000 molecular weight cutoff, lo-mm flat-width, Fisher Sci.) whose ends were folded and tied closed with nylon fishing line. The tubing had been rinsed in running tapwater for 3 h and twice in deionized water before use. Each soilfilled dialysis bag was added to 125 ml of stream water (ferrous iron concentration adjusted to 840 ng ml-l) in a 250-ml flask. Half the dialysis bags with soil were sterilized in an autoclave (121"C, 1.1 kg cm-2, 40 min) before being added to the water. Flasks were shaken (40 cpm) in the dark at 11 "C (field temperature). Subsamples ( 10 ml) were removed periodically from each flask for ferrous iron determination.
Adjustments for ferrous iron removed for analysis allowed reported concentrations to reflect a fixed volume of 125 ml.
One milliliter of deionized water or ferrous chloride solution (19.8 g FeCl, .4Hz0 liter-' plus a few drops of concentrated HCl) was added to 60 g (50 ml) of soil in a 250-ml flask. Treatments (with or without added iron) were prepared in triplicate. One ampoule containing 1 PC1 of NaH14C03 in 1 ml (New England Nuclear Corp.), with top removed, was placed upright on the soil surface within each flask. Flasks were sealed with butyl-rubber stoppers wired in place. The sealed flasks were rigorously agitated by hand for 1 min and incubated in the dark at 11°C (field temperature). The soil was aerobic (moisture content = 11% wt/dry wt, after additions). Flasks were rigorously agitated by hand for 20 s each day.
Incorporation of 14C0, was measured by modifying the methods of Smith et al. (1972) and Bartholomew and Alexander (1979) to accommodate 60 g of soil. We were careful to maintain the same ratio of soil to headspace in the flasks. Measurements were made immediately after sealing the flasks and again after 4 d upon replicate flasks. The first step of the procedure expels nearly all residual inorganic 14C from the soil by addition of an acidic ferrous sulfate solution, heating, and venting.
Step two of the procedure chemically oxidizes all remaining (organic) carbon, including 14C incorporated into microbial cells, and traps the resultant CO,. Because some of the inorganic 14C0, may be adsorbed on the soil, the purging process is not 100% eflicient. Thus, upon oxidation, this residual inorganic 14C0, could be incorrectly interpreted as biologically fixed 14C. The magnitude of this adsorbed 14C02 is quite small, ranging from 0.02 to 0.05% of the 14C02 in the headspace (Smith et al. 1972) . The amount of 14C0, fixed in our experiments, under similar conditions, was two orders of magnitude greater than this. Thus, we feel justified in categorizing our measured 14C02 uptake as due to metabolic activity. In addition, the soil used in our experiments was sandy with low specific surface area and low sorbtion capacity.
Radioactive CO2 was counted in a Packard Tri-Carb 300C liquid scintillation counter (Packard Instr. Co., Inc.). The efficiency of oxidizing microbial cells to CO2 was assumed to be 98% (that reported by Smith et al. 1972 for oxidation and recovery of microbially fixed CO,). The efficiency of recovering 14C0, from chemically oxidized soil was measured to be 88% (SE = 1.4; n = 3). All values reported are corrected for counts recovered at time zero.
Total CO2 evolved from soil (without added iron) was determined in three replicate flasks, treated identically to those used to determine 14C02 uptake except for the omission of NaH 14C0, and inclusion of a reservoir containing 0.1 N NaOH. The assay was by titration with a known acid (Stotzky 1965 ).
Iron analyses -Reagents (including the complexing agent, 1 , 1 0-phenanthroline) and standard solutions were prepared according to the American Public Health Association (1980), modified to allow lO.O-ml samples to be analyzed. All spectrophotometric measurements were completed with a Spectronic 70 spectrophotometer (Bausch and Lomb) fitted with a DR-37 digital readout accessory (Bausch and Lomb). Cells of 1 and 5 cm were used. Determinations of ambient ferrous and total iron in stream samples were completed within 2 h of sampling. Ferrous iron was determined during laboratory experiments within 10 min after removal of subsamples from flasks. All determinations were made in subdued light which produced undetectable photoreductive change in ferrous iron in test solutions.
Results and discussion
Field observatiotis-The concentrations of total iron in stream samples (between 10 1 and 2 12 ng ml-l during spring 1985) were similar to values reported by Swanson and Johnson (1980) for McDonalds Branch and confirm the presence of substantial quantities of iron in the water. On no occasion (November 1984 -June 1985 however, was ferrous iron detectable (> 15 ng ml-I). Such low ambient levels of ferrous iron were surprising because direct and diffuse sunlight, which should have been capable of photoreducing significant amounts of iron (Collienne 1983; McMahon 1969) , impinged on surface waters at and upstream from the sampling site. To determine whether photoreductive reactions were masked by other reactions in or near the water, we made in Measurements performed at similar times on three consecutive days were averaged. Error bars represent standard errors (n = 9). Arrow on the ordinate indicates detection limit for ferrous iron. situ measurements of photoreduction (Fig.  1) . On three consecutive sunny days the concentration of ferrous iron during daylight hours increased from below detection to 4 1 ng ml-1 in the bottles exposed to sunlight. During the night the concentration of ferrous iron decreased significantly to 29 ng ml-* (P < 0.05). During the same day or day/night cycles ferrous iron remained undetectable in bottles enclosed in aluminum foil and in samples from the stream. The data represented in Fig. 1 show that photoreduction of iron occurs in surface waters of McDonalds Branch, that isolating the water from the stream channel allows photoreduction to be detected (implying that components of the stream channel are responsible for keeping ferrous iron at undetectable levels), and that when light is absent, the concentration of ferrous iron decreases.
Iron-oxidizing activity in the water column -Results of an experiment examining the spontaneous decline in ferrous iron concentration in McDonalds Branch water appear in Fig. 2 . On the basis of abiotic thermodynamic considerations alone, the spontaneous oxidation of ferrous iron under these low pH conditions should occur at the extremely slow rate of about 0.006 ng ml-' h-l (Crerar et al. 1979 ). This rate would be undetectable in a short term experiment. In fact ferrous iron concentration did not change in water which was filter-sterilized (initial and final values were not significantly different; P > 0.5). However, ferrous iron decreased in a clear linear fashion over the range of conditions tested at a rate of 0.73 ng ml-' h-l in the nonsterile water. These data suggest that the abiotic oxidation of ferrous iron is greatly augmented by microbiological catalysis in unfiltered water. However, adsorption onto or oxidative catalysis by filterable organic or inorganic agents (Collienne 1983; Stumm and Morgan 198 1; Sung and Morgan 1980) can also be postulated.
To distinguish between microbiological and nonmicrobiological processes, we investigated the relationship between temperature and the decline of ferrous iron. Rates of chemical reactions generally increase logarithmically with increasing temperature, while rates of microbiological reactions show distinct maxima at moderate temperatures and extremely diminished rates at higher temperatures (Brock 1978; Brock et al. 1976 ). Experiments similar to that shown in Fig. 2 were performed on unfiltered stream water at 5", 20", 34", and 48°C (Fig. 3) .The rate of ferrous iron disappearance did not increase continuously with increasing temperature. Rather, a clear maximum occurred at about 20°C. The rate of the reaction decreased drastically at 34" and 48°C. It is extremely unlikely that nonmicrobiological catalysis would exhibit a maximal rate between 5" and 34°C; we therefore conclude that the agents causing ferrous iron to decline are microbial and that the decline (see night period in Fig. 1 ) reflects microbial iron oxidation. The reason for a negative oxidation rate (i.e. reduction of iron) at 48°C is unknown, though release of reducing agents from the lysis of microbial cells may be responsible.
Iron-oxidizing activity in the soil-Despite the limitations and artifacts which dialysis membranes may impose on chemical and microbiological assays in aquatic systems (Carignan 1984; Lessard and Sieburth 1983; Vasconcelos and Swartz 1976) , we considered dialysis membranes to be an effective tool for qualitatively assessing ironoxidizing activity in soil. The dialysis tubing prevented complete spatial disruption of soil samples (which would have interfered with iron determinations), yet permitted exchange of solutes between soil and the surrounding water.
The results of a test for iron-oxidizing activity in soil adjacent to McDonalds Branch are shown in Fig. 4 . Cumulative ferrous iron consumption for nonsterile and sterile treatments was 0.105 and 0.025 mg ml-' after 92 h. The processes which contributed to a decrease in ferrous iron concentration include oxidation and adsorption. We believe the difference between sterile and nonsterile treatments (0.080 mg ml-l) to be the result of microbial ironoxidizing activity. The reduced iron consumption by the sterile soil was not caused by fouling of the membrane surface during the sterilization process: iron consumption by nonsterile soil in fresh dialysis tubing and in tubing previously sterilized while full of soil was identical. Microbial iron oxidation was also suggested by our observation (unpubl.) that rates of ferrous iron disappearance vary with depth in the soil, being greatest just above the water table. The reason for the leveling off in rates of iron disappearance caused by the nonsterile soil, though uncertain, may reflect the recovery of the soil from a burst of microbial activity which commonly accompanies disturbance of soil structure (Waksman and Starkey 1931) .
The data represented in Pig. 4 are significant because they indicate that microbial activity in the soil at the edge of McDonalds Branch has the potential to oxidize large amounts of ferrous iron. This may explain the low ambient concentrations of ferrous iron in the water despite the photoreductive production of reduced iron during daylight hours (Fig. 1) . Presumably, the flowing stream water brings ferrous iron into con-tact with highly active microorganisms in or near the sediment surface. The ambient levels of ferrous iron thus reflect a dynamic equilibrium between processes that reduce and oxidize iron. When the concentration of ferrous iron is below detection, clearly the rate of microbial oxidation must exceed the rate of photoreduction.
Microbial oxidation of iron in soil, water, and other sites would also explain the deposition of bog iron reported in other locations in the Pinelands (Crerar et al. 1979) . Finally, because acidity is generated as a result of iron oxidation, this process might also contribute to the low pH of Pinelands waters.
CO2 uptake in soil-Tests using soil in dialysis tubing indicated that 0.080 mg of iron was oxidized by each milliliter of soil. Since the volume of soil used in the 14C0,-incorporation assay was 50 ml, we estimate that 4.0 of the 5.6 mg of ferrous iron added to each flask would be oxidized. We feel that this estimate should be conservative because the soil in the flasks was shaken daily (thus potentially maintaining the burst of activity seen only initially in Fig. 4 ) and because ferrous iron was about 1,000 times more concentrated in the 14COz tests than in the experiment with dialysis tubing (rates of microbial activity are usually proportional to substrate concentration : Alexander 1985) . If we use this conservative estimate of 4.0 mg of iron oxidized, an autotrophic growth yield of 1.33 g dry weight per mole of oxidized iron (Kelly 198 l) , and a dry weight carbon content for microbial cells of 50% (Stanier et al. 1976 ), 7.9% of the 2.2 mg CO, measured in the flasks would have been incorporated into microbial cells, had the iron-oxidizing microoganisms been autotrophs. Measurements of 14C0, uptake indicated fixation of 1.7% (SE = 0.14; n = 3) and 1.8% (SE = 0.25; n = 3) of the CO2 present in flasks containing iron-amended and unamended soil; the addition of ferrous iron in quantities sufficient to stimulate iron autotrophs had no effect on CO, uptake by soil microorganisms, as compared to the soil which received only deionized water. Autotrophy, perhaps stemming from the activity of ammonia-, nitrite-, or sulfur-oxidizing microorganisms (Kelly 198 l) , was detected, however.
Fliermans and Brock (1972) observed a doubling in 14C0, fixation after adding sulfur to soils rich in sulfur-oxidizing bacteria. Yet in our study, oxidation of ferrous iron (which often yields biologically useful energy) was not accompanied by COz fixation (the established consequence of autotrophic activity). There are at least two ways to explain this apparent physiological anomaly. First, the microorganisms responsible for iron oxidation may be heterotrophic irondepositing bacteria such as Leptothrix (Ehrlich 198 l) , Crenothrix (Ghiorse 1984) , Siderocapsa (Hanert 198 1 b) , or Metallogenium (Zavarzin 198 1) . Such organisms oxidize iron nonenzymatically (Ehrlich 198 l), thus deriving no energy from the catalysis which they effect. Second, the microorganisms may be chemolithoheterotrophs (able to derive energy from oxidations without coupling use of this energy to CO, fixation: Kelly 198 1). In this case, iron oxidation would be expected to stimulate microbial activity (through assimilative nitrate reduction, for instance) and thereby contribute to ecosystem metabolism.
Conclusion
This investigation has addressed microbial control of iron redox equilibria and microbial primary productivity based on iron photoreduction.
Though the water and soil examined were colonized by microorganisms capable of oxidizing photoreduced iron, this process was not tied to CO2 fixation. The microbes responsible for iron oxidation may have been chemolithoheterotrophs, able to derive energy from inorganic oxidations while using reduced carbon for cell material. Alternatively, the catalysis reported here may have been nonenzymatic. Because of its complex physiological basis and geochemical effects, microbial iron oxidation is worthy of continued study.
